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SUMMARY

The trajectories of droplets in the air flowing past an NACA 65;-208
airfoil and an NACA 65;-212 airfoil, both at an angle of attack of 40,

were determined. The amount of water in droplet form lmpinging on the

airfoils, the area of droplet impingement, and the rate of droplet
lmpingement per unlt area on the airfoil surface affected were calculated
from the trajectories and are presented herein to cover the following

range of condltions:

Varigble Minimum value Maximum value
Droplet diemeter, mlecrons 5 100
Airplane speed, mph 150 Critlcal f£light speed
Altitude, ft 1000 35,000
Chord length, £t 2 20

The emount, extent, and rate of impingement of the NACA 651-208 air-
foll are compared with the results for the NACA 657-zl2 airfoll. Under
similer conditions of operation, the NACA 65;-208 alrfoil collects less
water than the NACA 65,-212 airfoll. The extent of lmpingement on the
upper surface of the 65;-208 alrfoll is much less than on the upper sur-
face of the 657-212 alrfoll, but on the lower surface the extents of

impingement are sbout the same.

INTRODUCTION

As part of a comprehensive reseerch program directed toward an
appralisal of the problem of ice prevention on high-speed alrcraft, an
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investigation of the impingement of cloud droplets on ailrfolls and other
aerodynamic bodies has been undertaken at the NACA Iewis laboratory. The
investigation includes a study of the extent of implingement on low-drag -
alrfoils and the rate of droplet Impingement per unit area of the ailrfoil

surface affected. Previous investigators have calculated the water-

droplet trajectories for cylinders (refs. 1 to 6) and for Joukowski air-

folis (refs. 7 and 8). An empiricel method for determining area, rate, _
and distribution of water-droplet impingement on alrfoils of arbitrary
sections 1s presented in reference 9. The method 1s more firmly estab-
lished for 15-percent-thick airfoils resembling Joukowskil airfoil sec-
tions than for low~-drag ailrfoilils, because the basic data used in devel- _
oplng the empirilcal method were obtalned for four Joukowskl airfoll sec- o
tions but for only one low-drag section. Some lmpingement data for an

NACA 657-21z alrfoil, which 1s a lz-percent-thick low-drag section, are

presented in reference 10. Recent developments in high-speed aircraft
necessitate further water-droplet trajectory studies on low-drag air-
folls, particularly for thin sections, 1n order to determine the effect
of thickness ratio on droplet impingement.

96L2

The studies presented in this report are for 8-percent- and 12-
percent-thick wings designated as NACA 65,-208 and 65;-212 airfoils,

respectively, each placed at an angle of attack of 4°. The results pre-
sented are applicable to the NACA 65,-208 alrfoil and the NACA 65-212

airfoll under the following conditions: chord lengths from 2 to 20 feet;
altitudes from 1000 to 35,000 feet; airplane speeds from 150 miles per .
hour to the flight critical Mach number; droplet diameters from 5 to
100 microns; and an angle of attack of 4°. The flight criticel Mach num- N
ber 1s defined as the lowest flight speed which results In sonic veloc- .
ity at some locatlon on the airfoil.
SYMBOLS

The following symbols are used in thils report:
a droplet radius, £t
Cp drag coefficient for droplets

pressure coefficient

Qi

droplet diameter, microns (micron = 3.28%10"6 )

2 oya
K inertia parameter, =

, dimensionless .
g wL

L airfoll chord length, ft - "
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Re

Reg

<l

free-stream Mach number
absolute pressure, in. Hg

local Reynolds number with respect to droplet, Eapa;/u,
dimensionless

free-stream Reynolds number with respect to droplet, ZapaV/u,
dimensionless

distance from element of vortex sheet to point in flow field,
ratio to chord length

distance on surface of alirfoll measured from leadling-edge chord
point, ratio to chord length

most probable icing temperature (fig. 15), °R

time, sec

flight speed, mph

local air velocity, ratio to free-stream velocity
free-stream velocity, ft/sec

local droplet velocity, ratio to free-stream velocity

magnitude of local vector difference between velocity of droplet
and velocity of air, ft/sec

rate of water impingement per unit span of airfoil, 1b/(hr)(ft span)

local rate of water impingement, 1b/(hr)(sq ft)
liguid-water content In cloud, g/cu m
rectangular coordinstes, ratio to chord length
angle of attack, deg

local impingement efficiency, dimensionless
vortex strength, dimensionless

ratic of specific heats, 1.4

viscosity of air, slug/(ft) (sec)
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) coordinate points on airfoil, ratio to chord length

P density, slug/cu ft ~

T time scale, tV/L, dimensilonless

Subscripts:

a air 3
R

1 lower airfoll surface

m maximum

B alrfoil surface

u upper alrfoil surface

v vortex

w water

X horizontal component

N vertical component -

0 free stream

Prime guperscripts refer to coordinate system coincident wilth geometric
chord line

ANALYSIS

As an airfoill moves through a cloud, the interception of the cloud
droplets by the airfoil is dependent on the physical configuration of the
girfoil, the flight conditions, and the lnertie of the cloud droplets.

In order to obtaln the extent of lmplngement and the rate per unlt ares
of droplet ilmpingement on an airfoll, the cloud-droplet trajectories with
respect to the airfoil must be determined. The differentlal equations
that descrlbe the droplet motion in a two-dlmensional flow field have
been derived in reference 4 and are presented herein in the following
form:

dvx CDRe 1 .
it = 22 % (7 vy

(1) .
dv B CDRe 1

ar " 2 kv Y
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where

2
p.acv
KE% :IL (2)

and the Reynolds number Re 1s obtained in terms of the 'free-stream
Reynolds number so that

(§—0>2 « (a - v+ (ay - ) (3)

The differential equations (1) state that the motion of a droplet
is governed by the drag forces lmposed on the droplet by the relative
motion between the droplet and the alr moving along the streamlines around
the airfell. The droplet momentum tends to keep the droplet moving in
& straight path, while the drag forces tend to force the droplet to
follow the streamlines. TFor very small droplets and low speeds, the drag
forces are much greater than the Inertia forces and little departure from
the streamlines occurs; whereas, for large droplets and high speeds, the
inertis forces tend to overcome the drag forces and the droplets depart
consldersbly from the streamlines and follow a path more nearly in the
direction esteblished by the free-stream velocity. In accordence with
equations (1) and the definition of the parameter K 1in equation (2),
for a given slze and configuration of airfoil the trajectories depend on
the radius of the droplets, the alrspeed, and the alr viscosity as first- |
order varlables. The trajectories also depend on the geometry of the ’
airfoll involved and its angle of attack, in that these two variables
determine the magnltude’ of the component velocities of the air u, and
Uy, everywhere in the flow fileld.

The component alr veloclties were determined by a vortex substi-
tution method that requires & knowledge of the pressure distribution on
the surface of the alrfoil. The pressure distribution was obtained from
wind-tunnel date taken at the NACA Ames lsaboratory. The fundementals of
the method for calculating the local perturbation velocities in a two-
dimensional incompressible flow field ahead of an alrfoil are established
in reference 1ll. The procedure for the calculstions ig presented in
appendix A. The computations were performed with electronic calculating
machines employing punched cards. Although the compressibility of air
at high speeds is not accounted for with the vortex substitution method,
results presented in reference 5 show that the effect of the compressi-
bility of air on the trajectoriles of droplets is negligible up to the
critical Mach number of the airfoil. Because of these studies, the
results presented herein are considered spplicable up to the flight
critical Mach number.
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Assumptions that have been necessary in order to solve the prob-
lem are:

(1) At a large distance ahead of the airfoil (free-stream condi-
tions) the droplets do not move with respect to the air.

(2) No gravitational force acts on the droplets.
{3) The droplets are always spherical and do not change in size.

The first two sssumptions are valid for droplets smaller than drizzle or
rain drops, because the inertial forces of the drops are much greater
than the gravitational force. The assumptions are usually also valid for
falling rain drops, since the ailrplane velocity is usually much greater
than the drop velocity caused by gravitational force. Preliminary calcu-
lations show that the third assumptlon is valid for the order of accuracy
usually required in the design of equipment for the protection of air-
craft.

METHOD OF SOLUTION

The differentlal equations of motion (eq. (1)) are difficult to
solve by ordinary means, because the values of the velocity components of
the alr and the term contalning the coefficlent of drag are not known
until the trajectory is traced. These values are determined as the tra-
jectory of a droplet i1s developed, since the magnitudes depend on the
position of the droplet in the flow fleld. Simultaneocus solutions for
the two equations were obtained with a mechanical analog constructed at
the Lewils lgboratory for this purpose. The answers were obtalned in the
form of plots of the droplet trajectories with respect to the airfoil.
The coefficient of drag Cp for the droplets, requjred in equations (1),

was obtained from tables in reference 3.

The equations of motion (eq. (1)) were solved for the following five
velues of the parameter K: 1/100, 1/50, l/lO, 1/5, and 1. For each
value of the parameter K, a series of trajectorles was computed for each
of three velues of free-stream Reynolds number Ren: 16, 256, and 1024

(where necessary, Req = 64 was also computed). (A graphicel procedure

for translating the dimensionless parameters used in this report into
terms of alrplene speed, chord length, altitude, and droplet size is pre-
sented in sppendix B.) Each series of trajectories encompassed the air-
foll with a trajectory that was tangent to the upper surface of the air-
foll and with a trajectory that was tangent to the lower surface of the

airfoil. The upper and lower tangent trajectories started at free-stream

conditions at distances Yo,u and ¥0,17 regpectively, from the x-axis
of the rectangular coordinate system (fig. 1). The geometric chord line

29.2
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of the airfoil is oriented at an angle of 4° with the x-axls of the rec-
tangular coordinate system, and the leading edge is placed at the origin
of the coordinates. AL an infinite distance ahead of the airfoll, the
uniform air flow carrying the cloud droplets 1s assumed to be approaching
the alrfoll from the negative x-direction, and parallel to the x-axis.
All distences are dimensionless, because they are ratios to the airfoil
chord length L, which 1s the unit of distance.

Before the integration of the equations of motion could be performed
with the analog, the initial velocity of the droplets had to be deter-
mined. As postulated In the assumptlons, at an infinite distance ahead
of the airfoil all the droplets have vertical and horizontal components
of veloclty relative to the alrfoil that are the same as those of the
free-stream alr. At finite distances ahead of the leading edge of the
airfoil, the droplets have veloclty components varying between those per-
taining to the free stream at infinity and those pertaining to the local
streamlines. At 5 chord lengths ahead of the airfoll, the alr stream-
lines deviated from free-stream conditions by less than the expected
accuracy of the analog; therefore, thls point was assumed to be suffi-
clently shead of the ailrfoll so that the veloclty components of the ailr
gtreamlines could be assigned to the droplets. Since the time required
to trace each trajectory from 5 chord lengths ahead of the airfoil to the
airfoll surface was prohlbitive, plotting by the analog was started at
1 chord length ahead of the ailrfoil leading edge. The starting condi-
tions at this polnt were determined by calculating a sample trajectory
that started at x = -5 for each of the five values of K studied. A
preliminary study showed that while a droplet is approaching a position
1l chord length ahead of the alrfoil, the amount of deviation of the
droplet trajectory from the air streamline on which the droplet had
started depends only on the value of K and not on the starting value of
vy at x = -5, nor on the value of Regs provided the values of y and

Reo are within the reglon of interest in the problem. The sample tra-

Jectories for each value of K studied were calculated from x = -5 to
x = -1 1In order to determine the starting values of droplet velocity and
y-ordinate at x = -1; thus, the final results were the same as if each
trajectory were calculated from 5 chord lengths shead of the airfoil
leading edge.

RESULTS AND DISCUSSION

The serles of trajectories computed for each combination of values

of K and Reo studied permits evaluastlon of the ares, the rate, and

the distribution of water-droplet impingement on the NACA 657-208 and the
WACA 65)-212 airfoil sections at an angle of attack of 4°. The emount of

water collected and the area, or extent, of Impingement sre determined by
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the limlting trajectorles, which are tangent to the airfoil. All droplets

having trajectories between the tangent trajectories will strike the air-

foll, whereas all other droplets will miss the airfoil. The tangent

trajectorles determine the maximum, or total, rate of droplet impinge-

ment, because the amount of water-droplet impingement on the whole wing

is governed by the spacing between the tangent trajectories (yb u-—yb 77
) 2

fig. 1) at a large distance shead of the airfoil. The menner in which
all the droplets collected on thne surface are distributed over the area
of Impingement 1s determined by the behavior of the intermediste tra-
Jectories that are bounded by the tengent trajectories.

The results are often presented herein as functions of the parameter
K, which has been called the inertle parameter because its magnitude
directly reflects the externsl force requlred on a droplet to cause a
deviation from its original line of motion. For large values of X
(i.e., K>1), which correspond, for example, to droplets larger than
50 microns in diameter moving toward & 5-foot-chord airfoil at 400 miles
per hour, the droplet trejectories deviate by only small amounts from
straight lines. For values of K less than 1/50, which correspond, for
example, to droplets less than 12 microns in dlameter moving at less than
300 miles per hour toward an airfoil section with a 12-foot chord, the
droplet trajectories more nearly coincilde with the air streamlines.

Rate of Water Interception

In £light, the rate of total water interception (lb/(hr)(ft span))
is determined by both the tangent droplet trajectories and the liguid-
water econtent in the cloud. The airfoil speed, the size of the airfoil,
end the droplet size are the principal variebles affecting the tangent
droplet trajectories. The spacing between the upper and lower tangent
trajectorles, which is & measure of the rate of total water interception,
is given in figure 2 for both the 65;-208 and the 65;-212 airfoils.

The rate of total water interception per unit span of airfoil on that
portion of the airfoll surface bounded by the upper and the lower tangent
trajectories (fig. 1) can be calculated from the information in figure 2

and the following relation:

Wy = 0.329(yg - ¥o,3) LUW (5)

where the flight speed U 1s in mlles per hour and the liquid-water
content w 1s in grams per cublc meter.

For both airfolls, the rate of water interception is decreased as
l/K 1s increased, particularly for values of l/K larger than 1. An
Increase in Rey decreases slightly the rate of water interception.

The following example illustrates the use of figure 2 and equation (5)

29.2
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in comparing the two airfolls in terms of conventional flight units. The
values of l/K = 21 and Reg = 171 represent the condltions for airfolls

with 12-foot chords traveling at 400 miles per hour through a cloud com-
posed of droplets 17 microns in diameter at an altitude of 10,000 feet
(1/K and Rey based on most probable lcing temperature, eppendix B).

The corresponding value for (yo,u - YO,l) required for equation (5) is
0.017 for a 65,-208 airfoil as compared with 0.021 for a 651-zl2 airfoil.

If the same alrfoils are considered in flight at 200 miles per hour
(droplet size, liquid-water content, and sltitude not varied), the values
of l/K and Rey change to 42 and 85, respectively, and the value of

(yo’u - yo,l) changes to 0.013 for the 8-percent-thick airfoil and to

0.015 for the 1Z2-percent-thick airfoll, a decrease of 24 and 28 percent,
respectively, from the corresponding values assoclated with flight at

400 miles per hour. The decrease in rate of water impingement (eq. (5))
is 62 percent for the 8-percent-thick airfoil and 64 percent for the
l2-percent-thick airfoil. The effect of speed on the rate of water
impingement is large, because the spacing between the two tangent trajec-
torles Increases with the increase in flight speed and the speed also
appeers directly in eguation (5).

The rate of water Interception is less on the 8-percent-thick airfoil
than on the lZ-percent-thick alrfoil over the complete range of free-
stream Reynolds number and inertia parameter studied (flight speed, alti-
tude, droplet sizes encountered in clouds, and airfoil size) except for
combinations of l/K:>65 and Renp< 32, which correspond, for example, to

flight with an airfoil chord length larger than 5 feet at a speed of less
than 150 miles per hour through clouds at 15,000 feet altitude composed

of droplets less than 10 microns in diameter.

The variation of rate of water interception with alrfoil speed is
summarized for an altitude of 20,000 feet in figure 3, in which the
ordinate Wm/w is the total rate of water impingement per foot span of

airfoil per unit liquid-water content (g/cu m) in the cloud. (Fig. 3
1is based on most probeble icing temperature, appendix B). The total rate
of water impingement can be obtained as a product of the results in fig-
ure 3 and the liquid-wsaster content existing In the cloud. The values in
figure 3 are for flight through a uniform cloud composed of droplets 15,
20, 30, and 40 mlcrons in dlameter, with several chord lengths ranging in
value from 2 to 20 feet considered.

The effect of altitude on the rate of water impingement is shown in
figure 4 for droplets smaller than 40 microns in diameter. The values
for rate of water impingement given in figure 3 can be corrected to a
first order of epproximation for the altitude effect with the use of fig-
ure 4. For example, the rates of water impingement given in figure 3(c)
can be corrected for use at 10,000 feet altitude by reducing the values
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of rate of water impingement given in figure 3(c) by 7 percent, because
for 30-mlcron droplets the rate of water impingement at 10,000 feet is
approximately 7 percent less than at 20,000 feet (fig. 4). A chenge in
altitude of 10,000 feet for any given droplet size shown in figure 4 does
not produce as large an effect on the rate of water impingement as does
a lo-percent change in droplet size at a glven altitude. The effect of
moderate changes 1in altitude may be ignored, because the droplet size
and the liquid-water content of clouds are seldom known with sufficient
accuracy to permlt the rate of water collection to be calculated within
10 percent. Therefore, within the practical limits of application, the
results of figure 3 can be used over a wide range of altitudes.

The effect of wing taper on the rate of water Impingement, as can
be obtained from the results in figure 3, 1s valid, provided that for
each section of span considered the taper is small enough to permit the.
approximation of two-dimensional flow over the section. TFor a 651 -208

airfoll section with a 14-foot chord at the root section and a 4-foot
chord at the tip section moving at 400 miles an hour et an altitude of
20,000 feet through a cloud composed of droplets 20 microns in diameter
and conteining & liquid-water content of 1 gram per cubic meter, the

rate of total water impingement is 35 pounds per hour per foot span at
the root section and 17 pounds per hour per foot span at the tip section.
A lZ2-percent-thick airfoll of the same size and section subjected to the
seme flight and atmospheric conditions as given for the 8-percent-thilck
airfoil collects approximastely 28 percent more water at both the root and

tip sections.

Extent of Impingement

A knowledge of the chordwise extent of impingement on the upper and
lower wing surfaces is necessary for the design of anti-icing equipment.
The limit of impingement is determined by the point of tangency on the
airfoil of the tangent trajectories. The rearward limits of Impingement
on the upper surface are shown in figure 5(&), and those on the lower
surface, in figure 5(b). The distances S, and Sl are measured on the

surface from the point of intersection of the geometric chord line with
the leading edge (fig. 1) in terms of the chord length.

The limit of impingement on the 651-208 airfoll is compared in fig-
ure 5 with that on a 654-212 alrfoil. The impingement extends much farther

back over the top surfece of the l2-percent-thick airfoil than over the
top surface of the 8-percent-thick airfoil (fig. 5(a)). The impingement
extends farther back along the bottom surface of the thicker airfoil over
most flight and atmospheric conditlons, but is farther back on the lower
surface of the 8-percent-thick airfoil for combinations of flight and
atmospheric conditions involving l/K values smaller than 1.5 and larger

than 50.

29L2
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The rearward limit of impingement along the upper and lower sur-
faces, respectively, 1is summarized in figures 6 and 7 for the same
speeds, chord lengths, droplet sizes, and altitude as given in filgure 3.
The extent of impingement on both the upper and lower surfaces increases
with increasing speed and with decreasing chord length. It 1Is much
greater along the lower surface than along the upper surfeace. As an
exemple, for the 651-208 alrfoil with a l4-foot chord traveling at

300 mlles per hour through & cloud composed of droplets 20 microns in
diemeter, the extent of impingement on the upper surface is 0.006 chord
(fig. 6(b)), and on the lower surface is 0.071 chord (fig. 7(b)). Agein,
as shown in figure 5, the extent of impingement on the 8-percent-thick
airfoil is less than on the l2-percent-thick airfoll, except on the lower
surface for combinations of low flight speed and large chord length and,
particularly, with the smaller droplets considered in figure 7(a). These
combinations of low flight speeds and large chord lengths glven in fig-
ure 7(&) correspond to conditions involving values of l/K larger than
50 shown in figure 5(b). The combination of conditions Involving values
of l/K<l.5 , for which the extent of 1mpingement on the lower surface of
the 8-percent-thick airfoil is also greater than on the lower surface of
the l2-percent-thick airfoil, is given in figuwre 7(c) and 7(d). Values
of 1/K<1.5 are involved, for example, with combinations of airfoil
chord lengths smaller than 4 feet and flight speeds greater than 400 miles
per hour for a droplet size of 40 microns, as shown in figure 7(d).

Impingement Distribution Along Alrfoil Surface

In the design of thermal anti-icing systems based elther on the prin-
ciple of maintaining the water In the ligquid state or of completely
evaporating the impinging water, a knowledge of the distribution of the
water impingement along the airfoll surface is required. The distribu-
tion can be obtalned If the starting ordinate Yy, at infinity of a drop-

let trajectory is known with respect to the point of Impingement on the
surface. The starting and ending positions of the trajectories are
shown in figure 8 for the three values of free-stream Reynolds number
studled. For each value of Rey, curves for sgeveral values of 1/K are

glven.

The amount of water lmpinging between any two given polints on the
alrfoil surface may be found by applying the results given In figure 8
in the relation

W= O.SZSUWL(yO’l - yb’z) (8)

For example, the amount of water impinging between the -0.05-chord point
and the -0.10-chord point on the surface of & 12.5-foot-chord airfoil
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moving at 400 miles per hour at an altitude of 10,000 feet through a
cloud composed of droplets 25 microns in diameter (l/K = 10, Reg ~ 258)

is determined by obtaining the values of Y0,2 at the -0.10~chord point
ﬂand Y0,1 at the -0.05-chord point. The values of Yo,1 and Yo,2

required in equation (8) are ~0.074 and -0.078 for the 8-percent-thick
alrfoil and -0.071 and -0.076 for the lZ-percent-thick airfoil, respec-
tively (fig. 8).

The values of (yo 0" Yo Z), obtained from the end points of each
2 )

curve in figure 8, are the same as the values given In figure 2. The
values of yq g for 1/K = 0 (not shown in fig. 8) are -0.0644 at

8 = =0.654 chord for the 8-percent-thick airfoil and -0.0825 at
S = -0.538 chord for the l2-percent-thick alrfoil. These values for
l/K = 0 apply for all values of free-stream Reynolds number Reg.

Local Rate of Droplet Impingement

The local rate of droplet impingement per unlt area of airfoll sur-
face can be determined from the expression

d

0. 32907 =2 329 3)
WB= .3 UW—d—S—=O- Uwp (

This equetion 1s related to equation (8), with proper conslderations for
the fact that y5 eand S are based on the wing chord L. The values

of the local impingement efficiency £ as a function of the airfoil dis-
tance S are given in figures 9 and 10. These values were obtained from
the slopes of the curves In figure 8. The values of. B for the NACA
651 -208 airfoil are given in figure 9, and for the 65;-212 airfoil, in

figure 10. For both airfoils, the wmeximum rate of local impingement
occurs between the alr stagnation line and the leading edge. The ailr
stagnation line 1s located at SZ = 0.013 on the 651-208 airfoll and at

SZ = 0.008 on the 657-212 airfoil (at 4° angle of attack).

Because of the geometry of the sirfoil and the manner In which the
droplets approach the airfolls in the neighborhood of the stagnation line
and the leading-edge line, the curves in figure 8 are not all well defined
between S = -0.01 and S = 0. Since the velues of B are obtained from
the slopes of the curves in figure 8, the meaximum values of § in fig-
ures 9 and 10 also are subject to some question. The possible error in
the maximum value of B 1is estimated to be 120 percent for the curves in
figure 9 and *15 percent for the curves in filgure 10. The difference in
the possible error is due to the difference in the bluntness of the two

29L¢
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alrfoils. Thils possible error is not considered very serious, because
only a small portion of the total water impinging on the alrfoil requires
redlstribution if the maximum value of B 1s changed by as much as the
maximum possible error. The total area under the curves should not be
changed when a change in the maximum value of P 1s made, because the
total amount of water impinging, determined by (yo,u - yO,I) and by

.S,
b[;zu B dS, is 1independent of the manner in which the water is distributed
near the leading edge. Any Judicious refalring of the curves in fig-

ures 9 and 10 between S = -0.01 and S = O, which is the region of
doubt, to account for as much as the largest possible error in the maxi-
mum value of B willl rearrange only a small srea under the present

curves (totel area must not be changed) and thus affect the redistribu-
tion of only a small smount of the total water.

The maximum local rate of impingement shown for these airfolls in
figures 9 and 10 coincides very nearly with the location of the parting
strip recommended in references 12 and 13 for use in cyclical thermal
de-icing systems.

CONCLUDING REMARKS

The data presented in figures 2 to 10 apply directly to fiighte in
clouds composed of droplets that are all uniform'in slze. The water
droplets in a cloud, however, are not necessarily uniform in size; the
extent of impingement i1s always determined by the largest droplets pres-
ent in sufficient number to represent a significant portion of the total
water present in the cloud. The local rates of droplet impingement are
also determined by the droplet-size distribution patterns present in the
cloud. For flights iIn clouds composed of droplets that are not uniform
in size, the B curves of figures 9 and 10 must be altered toc conform
with the welghted basis of the droplet-size distribution. A detailed
procedure for welghting the lmpingement of droplets existing in nonuni-
form clouds is presented in reference 4.

The data presented in this report apply directly to nonswept wings
of high aspect ratio. As previously stated, the data also apply to wings
with small amounts of taper. A method for extending the impingement
calculations for nonswept wings to swept wings 1s presented in refer-
ence 14. The method presented in reference 14 permits the application
of the data presented herein to a wing with any angle of yaw provided the
alrfoil section normal to the leading edge is an NACA 65;-208 or an NACA
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651-212 ailrfoil. If the airfoil section on the aircraft under consldera-

tion is laid out parallel to the free-stream direction, a transformation
of the section is necessary, as described In reference 14.

Tewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Chio, Janusry 30, 1953

©9.2
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APPENDIX A

METHOD USED TO CALCULATE INCOMPRESSIBLE FLOW FIELD AROUND AIRFOIL

The velocities in the two-dimensional flow field were celculated by
distributing a sheet of vortices on the airfoll surface of such strength
that the velocities on the surface caused by the vortices were the same
as the velocities measured in a wind tunnel. The principles upon which
this method is based are established in reference 11.

The veloclity at the surface of an airfoil can be determined from a
knowledge of the pressure coefficlent CP and the free-stream Mach

number M with the aid of the following expression:

v-1
_.Y.
CrM 2
Ug = 1+ (Y -21) 1 - (%L) (A-l)

The pressure coefficlents for a large number of points on the surface of
the NACA 651~208 and 657-212 alrfolls at an angle of attack of 4° were
obtained from wind-tunnel date taken at the NACA Ames laboratory for
several free-stream Mach numbers. The surface velocities used to cal-
culate the flow fileld are shown in figure 11 for a Mach number of 0.2.
The flow fields at other Mach numbers were not calculated, because the
results presented in reference 5 show that the effect of the compressi-
bllity of the air on the droplet trajectories is negligible.

The veloclty at a point in a flow field caused by an element of the
vortex sheet of strength AI' placed a distance r (fig. 12) from the
point is

AT
Uy = 2nr
If an element of vortex sheet of strength

AL = (uSAS)i

is placed on an increment AS of the alrfoil at the ith position on the
airfoil surface, the velocity caused only by the 1%h section of the
alrfoil is

(uSAS)i

Uy anry
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at a point in the flow field at a distance ry from the ith section

(fig. 12). The local components of the perturbation velocity, at a
point in the flow fleld, caused by 300 vortex elements distributed on
both the upper end lower surfaces of the sairfoll are

300

u 1
Sy -0
ux',v = :E; an Rz 05
I=0

00 u !
-t

25 2
im0 r

The coordinate system shown in figure 12 differs from that shown in fig-
ure 1, in that in figure 12 one of the coordinates coincides with the
geometric chord line. The direction of the free-stream velocity i1s
toward the airfoil at an angle o with respect to -x'. The horizontal
end vertical components of the local veloclty u,: and Uyt, Tespec-
tively, are obtailned by adding V cos o to Ugt,y and V sin a to
Uyt,ve The coordinate system shown 1n figure 12 was used because of its
adaptability to avallable calculating equipment and procedures. The
trajectories were solved in the primed coordinate system shown in fig-
ure 12 and later transformed graphically to the system presented in fig-
ure 1.

A total of 300 vortex elements were used on the airfoil with a much
denser distribution on the forward sectlon than beyond the 50-percent-
chord point. Equations (A2) were solved with electronic calculating
machines. Approximately 300 points were computed in the flow fleld out
to 1 chord length-ahead of the airfoll in the region of interest with

regard to computing the trajectories of droplets that strike the ailrfoil.

Between 1 and 5 chord lengths ehead of the sirfoll leading edge, the
flow-fleld veloclty components were approximated by assumlng that the
flow was caused by a slngle vortex located on the airfoil chord line
25-percent chord inward from the leading edge. The strength of this
vortex was determined by the requirement that at x' = -1 +the vertical
velocity caused by this single vortex must be the same as that computed

with equation (A2).

29L2
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APPENDIX B

GRAPHTCAL. PROCEDURE FOR TRANSLATION OF FPRACTICAL FLIGHT
CONDITIONS IN TERMS OF DIMENSIONLESS PARAMETERS

A graphical procedure is presented to aid in the translation of
alrplane speed, chord size, altitude, and droplet dlameter into terms of
the dimensionless parameters K and Reg used in this report. A
solution of equation (2) is presented in figure 13 for two altitudes.
For given droplet diameters in.-microns and ratios of the chord length
in feet to the flight speed I1n miles per hour, the reciprocal of the
inertia parameter can be determined at altitudes of elther 10,000 or
30,000 feet from figure 13. Altitude does not appreciably affect the
value of l/K, a8 can be noted from a comparison of values in fig-
ure 13(a) with those in figure 13(b).

An alrfoll with a l2-foot chord length at a flight speed of
400 miles per hour and an altitude of 10,000 feet passing through a ‘
cloud composed of droplets all of which are 17 microns in diameter will’
be used as an example in the graphical procedure to interpret practical
flight units into terms of the dimenslonless parameters. The value of
1/K 1is obtained from figure 13(a) for the value of %:: -——igo = 0.0300
and droplet diameter d = 17. The value of l/K obtained from fTig-
ure 13(a) is 21.

The free-stream Reynolds number for different altitudes may be
obtained from figure 1l4. The product of the droplet dlameter in microns
and the flight speed in mlles per hour must be known. The Reynolds
number is a function of the alr density, which depends on the pressure
and the temperature at the altitudes consldered. The pressure used to
calculate the air density was taken from tables of NACA standard atmos-
pheric pressure at various altltudes, but the temperature was hased on
the most probeble lcing temperature at various altitudes. The most
probable icing temperature was obtained from spproximately 300 icing
observations (ref. 15) and is presented in figure 15. For the exemple
under conslderation, the product of the droplet diameter and the flight
speed 1s (17)(400) = 6800. The value of Rey, obtained from figure 14,

is 171.

The following relations are presented for use when the degree of
accuracy requlred 1s not attainable with the graphical procedure. The
values for the viscosity p should be obtalned from figure 16; these
values are based on the most probable lecing temperature of figure 15.
The charts of figures 13 and 14 are based on the most probable icing
temperature and viscosity.
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2 3%y

-1
K= 1.704X 10 —_
pL

ap,U
4.813x 10°6 =&

7.662 X 10° ,,/%L—

P
pg = 0.0412 T

u

Rep

Q
"

where the units are given in the list of symbols. (The density of water
was assumed to be 62.46 lb/cu ft and the acceleration due to gravity,
32.17 ft/sec?.)
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